Introduction
The dynamic forming method was first developed by Marcinkowsky et al. 1) . This method incorporates membrane-forming materials, such as inorganic hydrous oxides, colloidal materials, and polymers, as active separation layers on porous supports 2 9) . The asymmetric structure of the resulting membrane is similar to that of reverse osmosis (RO)/nanofiltration (NF) membranes, which have a thin active separation layer on the porous support. Dynamically formed membranes using membrane-forming materials that feature an electric charge are expected to exhibit desalination properties. Historically, dynamically formed membranes were studied as substitutes to polymeric RO/NF membranes in the 1970s and 1980s. However, since the 1990s, the number of publications on dynamically formed membranes significantly decreased. This is probably because many types of novel RO/NF membranes with excellent desalination properties have been developed and subsequently commercialized.
Regardless, the dynamic forming method remains attractive in terms of facile surface modification over a large area achieved within a single treatment. As exemplified, studies on the use of the dynamic forming method for the preparation of low-fouling membranes 10 12) , in oil/water separation systems 13) , in the food industry 14) , and in membrane bioreactors 15, 16) were reported.
The main membrane-forming material used for the preparation of dynamically formed membranes studied in the 1970s and 1980s was the hydrous zirconium oxide-poly(acrylic acid) (Zr(IV)-PAA) because these studies mainly focused on the treatment of brackish water. Additionally, the desalination performance was affected by the state of the membrane-forming materials on the support surface, in particular charge density of the membrane-forming materials. Thus, the effects of various operation parameters, such as pH, applied pressure, and flow rate, and properties of the feed solution, such as salt concentration, on the performance of dynamically formed membranes were extensively studied. However, in general, these experiments were only conducted over a few hours, and thus, the long-term durability of the dynamically formed membranes was rarely addressed. Unlike grafting methods 17 21) , the dynamic forming method allows physical immobilization of the membrane-forming materials onto the base support. Thus, detachment of the membrane-forming material, in particular polymers, is possible over longterm operation, thereby resulting in the deterioration of the membrane performance with time. Pilot plant tests of brackish water treatment using dynamically formed membranes, involving 100 1000-h-long operations, were carried out 3, 5, 6, 8) . However, in these tests, some operation parameters, such as flow rate, were changed several times during each run. In some cases, some potentially fouling substances in the feed solution and a reduced flux were observed despite the recovery of flux upon detachment of the membraneforming materials from the membrane surface. We should also take into account that polymeric base supports would undergo compaction. Hence, it is difficult to address the sole effect of long-term operation on the detachment of the dynamically formed layer and associated deterioration of the membrane performance.
In this study, we examined the changes in the membrane performance that were attributed to the detachment behaviors of the dynamically formed layers during long-term crossflow operations. We first developed dynamically formed membranes using PAA as the dynamically formed layer and tubular microfiltra- (1) where Cp and Cb are the concentrations of the salt in the permeate solution and bulk solution, respectively.
Comparison of the performance of the prepared membranes with that of commercial NF membranes
Two NF membranes (NTR-7450 and NTR-729HF) and one dynamically formed membrane, using 1000 ppm PAA and at 1.0 MPa, were employed in this study.
Aqueous solutions containing Na2SO4, NaCl, CaCl2, and MgSO4 at known concentrations were used as feed solutions, and the membrane performances were evaluated at a flow rate of 6 L min -1 at 25 . The difference between the membrane configurations was ignored by discussing the real rejection (Rreal), as defined: (2) (3) where C m , J v , and k are the concentration of the salt at the membrane surface, flux, and mass transfer coefficient, respectively. C m was calculated according to the concentration polarization equation 22, 23) . k was obtained using the Deissler's equation.
Long-term operation of the dynamically formed membranes
Two dynamically formed membranes, which were prepared with 1000 ppm PAA and at 1.0 MPa, were employed, and the time-dependent membrane performance was evaluated using aqueous solutions containing 100 ppm Na 2 SO 4 as feed solutions at 25 . The flow rate was set at 6 L min -1 or 3.5 L min -1 . To maintain the level of freshness of the feed solutions and to avoid the formation of potential fouling substances, the feed solutions were exchanged twice a week. The process only lasted for less than 5 min. 
Conclusions
In this study, a dynamic forming method was employed to prepare membranes using PAA and tubular alumina supports; the dynamically formed membranes can be used in water desalination applications. The membrane performance was tuned by varying the concentration of PAA and applied pressure used during the dynamic forming method. Higher concentrations of PAA and applied pressures resulted in improved rejection performance and reduced permeability. When the concentration of PAA and the applied pressure during the preparation were set at 1000 ppm and 1.0 MPa, respectively, R obs of the resulting membrane for 100 ppm Na 2 SO 4 solution was as high as 0.98, while the R obs of the unmodified alumina support was only 0.26. Compared with commercial polymeric NF membranes (NTR-7450 and NTR-729HF), the dynamically formed membranes exhibited higher flux and lower rejection performance, and the dynamically formed membranes show potential in water desalination applications at low saline water concentrations such as desalination processes for industrial water recycling purposes. Additionally, long-term desalination tests under different flow rate conditions in crossflow modes were carried out. The flow rate during operation significantly influenced the membrane performance over time. Using a flow rate of 6.0 L min -1 ( N Re 3.5 10 4 ), the PAA layer detached from the membrane sur face, resulting in higher flux and reduced rejection performance over a 1000-h crossflow operation. In contrast, using a flow rate of 3.5 L min -1 ( N Re 2.0 10 4 ) did not lead to considerable reduction in the membrane performance. This was because the amount of the detached PAA was relatively smaller. Hence, we can say that N Re is one of the most important parameters influencing the durability of dynamically formed membranes.
